Bilateral teleoperation systems have attracted significant attention in the last decade mainly because of technological advancements in both the communication channel and computers performance. In addition, non-linear multi-degree-offreedom bilateral teleoperators along with state observers have become an open research area. In this article, a modelfree exact differentiator is used to estimate the full state along with a chattering-free second-order sliding mode controller to guarantee a robust impedance tracking under both constant and an unknown time delay of non-linear multi-degree-offreedom robots. The robustness of the proposed controller is improved by introducing a change of coordinates in terms of a new nominal reference similar to that used in adaptive control theory. Experimental results that validate the predicted behaviour are presented and discussed using a Phantom Premium 1.0 as the master robot and a Catalyst-5 virtual model as the slave robot. The dynamics of the Catalyst-5 system is solved online.
Introduction
Most teleoperation schemes that consider (constant or varying) time delays (induced by the communication channel) have been proposed in the last decade for non-linear multidegree-of-freedom (DOF) manipulators; for instance, the studies discussed in the literature. [1] [2] [3] [4] Outstanding complete surveys on bilateral teleoperation schemes are the studies discussed in the literature. [5] [6] [7] [8] Many of the published works have addressed the problem of controlling a teleoperation system assuming that velocity can be measurable; however, in practice, velocity (even acceleration) is hardly available. There are few remarkable exceptions addressing this problem. [9] [10] [11] [12] A model-free sliding mode-based observer (achieving finite-time convergence of the estimation error) is implemented in the study by Garcia-Valdovinos et al. 9 The work discussed by Garcia-Valdovinos et al. 10 is the first formal work addressing the use of velocity and acceleration observers for bilateral teleoperators. A variable structure controller coupled with an adaptive perturbation estimation is proposed in the study by Ghafarirad et al. 11 for trajectory tracking of position using a piezoelectric device. A super-twisting observer is proposed in the study by Gonzalez et al. 12 to estimate velocity and acceleration in non-linear bilateral teleoperators.
Regarding sliding mode control, Buttolo et al. 13 proposed model-based first-order sliding mode controllers for both master and slave stations, achieving an improvement with respect to position tracking and parametric uncertainty. Although a good level of transparency is achieved, the inherent effects of the first-order sliding mode control due to the high-frequency signals of the control input make it unsuitable to be implemented in a physical system, leading to an unexpectedly deterioration of the overall system performance and, therefore, loss of transparency. Park and Cho 14 proposed to implement an impedance control for the master and a modified first-order sliding mode control for the slave, in which the gain that satisfies the sliding condition can be set independently of time delays. Thus, this scheme results to be robust against a constant time delay. Nevertheless, this scheme easily becomes unstable when interacting with rigid environments. To deal with this issue, the same authors proposed a sliding mode impedance control for the slave in order to reduce the impact forces and achieve a sustained stable contact. 15 Similarly, in the study by Cho and Park, 16 the problem of parametric uncertainty is studied. Additionally, an algorithm for parameter tuning is provided. However, the signum function used for the sliding mode is replaced by a saturation function to reduce the chattering, resulting in poor tracking performance, hence, a low degree of transparency. A number of bilateral teleoperation schemes addressing first-order sliding mode controls, most of them model-based schemes, have been published in recent years, for instance, 11, 17, 18, 19, 20 where some sort of state estimation has been used.
Finally, the literatures 9,10,12,21,22 proposed modified schemes based on higher-order sliding modes to avoid the addition of chattering to the system. Formal and rigorous stability proofs, taking into account state observers for both master and slave robots, are considered for linear and non-linear systems.
In this article, a new nominal reference is proposed in order to introduce a change of coordinates into the slave closed-loop dynamics. The approach yields significant improvement of the robustness of the system along with the chattering-free second-order sliding mode control. The slave control scheme withstands parametric uncertainty and guarantees exponential tracking position with an acceptable sustained contact force tracking, under an unknown constant time delay. An exact differentiator, proposed in the study by Levant, 23 is implemented to estimate robust velocity and acceleration, without previous knowledge of any system parameters.
The proposed scheme is developed for non-linear systems, and a formal analysis of stability is presented. Experimental results validate the proposed bilateral teleoperation scheme.
Dynamics of the teleoperation system
Both the master and the slave manipulators are modelled as a pair of non-linear (n)-DOFs serial links with revolute joints, as follows
where q i ; _ q i ; € q i 2 R n are the position, velocity, and joint acceleration, respectively; H i ðq i Þ 2 R nÂn are the inertia matrices; C i ðq i ; _ q i Þ 2 R nÂn are the Coriolis and centripetal forces; g i ðq i Þ 2 R n denote the gravitational torques; i 2 R n are the control inputs; and h 2 R n and e 2 R n represent, respectively, the torque exerted by the human operator and the environment interaction. Here i ¼ m represents the master robot and i ¼ s the slave robot.
Impedance control technique
The impedance control technique proposed by Hogan 24 is one of the fundamental approaches for force tracking control in robot manipulators with constrained motion. Impedance control regulates the force between a manipulator and the environment by defining the target impedance relationship between position and contact force. The desired force is indirectly controlled by pre-specifying a robot positional reference trajectory that is determined based on the stiffness and environment location.
Typically, the task is defined in the Cartesian space and hence, an accepted choice is to design the target impedance for each teleoperator in the same space. To this end, joint dynamics (1) and (2) have to be transformed into the Cartesian dynamics by means of the forward and differential kinematics as follows (from this point forward, without loss of generality, arguments are omitted for simplicity)
where expressions for the master (i ¼ m) and the slave (i ¼ s) are as follows
is the end-effector position and orientation, H i 2 R nÂn are the Cartesian inertia matrices, C i 2 R nÂn are the Coriolis and centripetal forces, G i 2 R n denote the gravitational forces, F m ¼ J À T m m and F s ¼ J À T s s , are the Cartesian controllers for both master and slave robots, respectively, J À T i 2 R nÂn represent the transpose inverse Jacobians, and F h 2 R n and F e 2 R n represent the force exerted by the human operator and the environment interaction, respectively, which in practice are measured by force sensors.
Delayed signals and scale factors
Prior to defining the controller design, it is necessary to define the variables exchanged between each site. Variables sent from the master to the slave are
denotes the constant time delay induced by the communication channel. To simplify the notation, time delay is the same in both directions, from master to slave and vice versa. The only variable sent from the slave to the master is the environment force F T d e ðtÞ ¼ F e ðt À T d Þ (7) Figure 1 shows the information that is exchanged between the master station and the slave station.
Position, velocity, and acceleration of the master as well as the environment contact force of the slave can be scaled up or down by means of the diagonal matrices K p and K f , depending on the task to be performed. At this point, the problem is to design F m and F s subject to unmeasurable € x m ; € x s ; _ x m ; _ x s and a number of uncertain robot parameters, such that slave position, velocity, and acceleration asymptotically converge to the scaled master position, velocity, and acceleration, respectively, as time goes by
with kinesthetic perception of K f F T d e at the master side. In the next section, a model-free exact differentiator 23 is proposed to estimate in finite time, the Cartesian velocity and acceleration of both master and slave teleoperators. Remark 1. Matrices K p and K f suggest the use of a different scaling factor value for each coordinate (x, y, z); however, for simplicity, a unique scaling factor will be considered here. Let us consider the new notation for position scaling
€ x s ðtÞ ! k p € x T d m ðtÞ and for force scaling
where k p and k f are positive scalars and denote the scaling factors.
Velocity and acceleration observer
Real-time access to the states, particularly velocity and acceleration, has always been a challenging problem. Either the dirty-Euler differentiator, along with a filter technique, or observers (whether these are linear or nonlinear, model-based or model-free) are good options to deal with the lack of velocity and/or acceleration sensors. In 2003, Levant 23 proposed an arbitrary-order realtime differentiator that allows robust exact differentiation up to any given order l provided the next (lþ1)th derivative is bounded by a known constant. In this work, velocity and acceleration signals of the master and the slave robots are obtained by means of the exact differentiator, preserving the stability of the system and achieving an adequate performance in comparison to the typical Euler differentiator. In our case, l ¼ 2 means that the measured position x i ¼ ½ x i y i z i , with i ¼ fm; sg, is differentiated twice. For instance, let us consider the following differentiator for the master position in the x-axis
where 0 ; 1 ; 2 > 0 are observer's constants. In the same fashion, an exact differentiator can be designed for each of the x i components of the respective teleoperator, that is, a total of six differentiators (observers) have to be implemented, three for the master and three for the slave, and one for each x i , y i , and z i component. After solving system (11),
and _ x m ¼ w 2 are, respectively, the estimated position, velocity, and acceleration in the x-axis of the master. The same applies for the remaining components. Note that, in general, a different set of constant gains 0 ; 1 ; 2 has to be tuned for each differentiator; see the study by Levant 23 for major details. 
Master controller design
Commonly when driving a master robot, it is expected that the human operator feels very low friction and inertia. However, in some cases, it is preferable, even convenient, for the human operator to choose arbitrarily a comfortable damping/inertia by tuning some parameters. The latter is possible if a desired impedance dynamics is imposed on the master robot, as follows
where " M m ; " B m ; " K m are nÂn diagonal positive definite matrices denoting, respectively, desired inertia, damping, and stiffness. Thus, the master controller, which guarantees the desired impedance dynamics (12) , is designed as follows.
Solving for F m in equation (3), we obtain
Now, solving for € x m in equation (12) and substituting into equation (13) result the control law for the master
From equation (14), note that the master velocity and acceleration have been replaced by their estimate velocity and acceleration given by the observer (11) . Since estimation errors exhibit finite-time convergence, thus, equation (12) will arise.
The master impedance control law (14) enforces the desired impedance (12) in closed loop, whose parameters are chosen by the user depending on a specific task, such that 22 :
If the slave robot does not touch the environment, F T d e ¼ 0. Then equation (12) becomes a mass-springdamper system driven solely by the human force F h . Note that, in this case, the controller is in impedance position mode.
If the slave robot does touch the environment, F T d e > 0. Then equation (12) becomes a mass-spring-damper system driven by force error F h À k f F T d e . In this case, the actuators in the master station make the human to perceive a scaled contact force equal to k f F T d e . Note that, when the slave is in contact, the master control is in force control mode. In this mode, the human could virtually recreate, cognitively, the surface of the object that the slave is touching according to this vector, through kinesthetic sensations and the visual information also coming from the slave station.
Remark 2. The master Cartesian control law can be mapped into joint control law multiplying equation (13) by the transpose of the master Jacobian, as shown below
Next, the design of the slave controller is given.
Slave controller design
Under similar rationale on the master controller design, we now introduce a change of coordinates in order to tailor an extended error variable to induce a second-order sliding mode and, thus, to produce a desired impedance behaviour modulated by the environmental contact force. Remember that this controller must withstand constant time delay. To this end, the desired slave impedance model becomes now the desired manifold to converge. In other words, we need to design a controller to guarantee that the closed-loop error equation yields the desired slave impedance model. That is, the controller must satisfy the sliding condition at the desired slave impedance model.
Desired slave impedance model
The desired impedance characteristic for the slave robot is defined as follows
where " M s ; " B s ; " K s are n Â n diagonal positive definite matrices, denoting desired inertia, damping, and stiffness, respectively, and the slave tracking errors are
for acceleration, velocity, and position, respectively. Since the objective is to achieve the impedance error model (16) in closed loop, then naturally the sliding surface is, from equation (16)
A dynamic change of coordinates Let us consider the following nominal reference in order to introduce a change of coordinates in the closed-loop system
where ðtÞ ¼ " K sxs ðtÞ þ F e ðtÞ ÀÎ ep ðt 0 Þ e À t , and with its time derivative
K sxs evaluated at t 0 ¼ ðt ¼ 0Þ is used to enforce the sliding mode at t ¼ 0, as it will be seen afterwards, andÎ q ðtÞ ¼Î e ðtÞ ÀÎ ep ðt 0 Þe À t .
Note that,Î ep ðt 0 Þe À t is a vanishing function that has been introduced to enforce the sliding mode condition since the beginning; that is, to remove the reaching phase by bending the sliding surfaceÎ e ðtÞ such that the state of the closed-loop dynamics belongs to the bent hyperplanê I q ðt 0 Þ ¼ 0, at any given initial condition.
Open-loop error dynamics
Equation (4) is linearly parameterizable 25 by the product of a regressor Y ¼ Yðx; _
x; € xÞ 2 R nÂp . The regressor is composed of known non-linear functions and a vector Θ 2 R p , which represents lumped constant parameters. Therefore, the parameterization YΘ can be written in terms of the nominal reference (18) and its derivative (19) , as follows
where the regressorŶ r ¼Ŷ r ðx; _ x; _ x r ; € x r Þ 2 R nÂp . Subtracting equation (20) in both sides of equation (4) yields the open-loop error dynamics in terms of the extended error variable⍀ r , as follows and its time derivative 
where K i is the n Â n sliding mode diagonal definite positive gain matrix and signðÎ q Þ ¼ ½ signðÎ q1 Þ; . . . ; signðÎ qn Þ is the discontinuous signum function ofÎ q .
Subsequently, the control law for the slave is given.
Impedance passive computed torque control
The proposed slave control is expressed in terms of the nominal reference as follows
By considering equation (20), the above expression can be rewritten as follows
where K g is an n Â n gain matrix. It is worth noticing that equation (25) is a chattering-free controller since⍀ r comprises the integral of the signum function, which is now a continuous function. High-frequency signals are inconceivable in electromechanical systems due to their finite bandwidth; that is why second-order sliding modes are a better choice rather than first-order sliding modes. The term K g⍀r has been added to achieve exponential stability, as it will be seen afterwards. Also, note that equation (17) requires measurement of acceleration becauseÎ e depends on acceleration. To deal with this situation, velocity and acceleration are estimated, on both master and slave sides (see Figure 1 for major reference), by means of the robust exact differentiator given in equation (11) . In this case position, terminal higher-order sliding modes are used to differentiate l times (l ¼ 2), a desired input. Since the estimation error converges to zero in finite time, then there is no need to verify the principle of separation, as it is stated in the literature, 23, 26 provided that the differentiator dynamics is faster than the master and slave dynamics.
Remark 3. Since the estimation error converges to zero in finite time, the separation principle is satisfied automatically; thus, closed-loop dynamics given by equation (17) holds.
Remark 4. In the absence of noise and after the observer's finite-time transient, its outputs can be considered as exact measurements of the derivatives. However, in the presence of measurement noises, the differentiation accuracy inevitably deteriorates rapidly with the growth of the differentiation order. 23 In our case, the differentiation order is two, so it is not expected to experience a low accuracy. Even when treating noisy signals, the observer performance only improves with the sampling step reduction. In our case, sampling time is relatively small: 1 ms.
Remark 5. By carefully tuning constants 0 ; 1 ; 2 > 0 for each observer, a faster dynamics response can be achieved. A tuning procedure is given in the study by Levant. 23 
Stability analysis
In this section, the stability analysis of the closed-loop dynamics of both master and slave systems is studied as well as the whole teleoperation system.
Master stability analysis
Closed-loop system (12) describes a set of n decoupled second-order differential linear equations that exhibit stable behaviour by a suitable choice of the matrices " M m ; " B m ; " K m .
Slave stability analysis
Theorem 1. Substituting the control law (24) into the slave robot dynamics (4) yields the closed-loop dynamics
which describes a first-order differential non-linear equation in the new variable⍀ r . Thus local exponential tracking is assured, provided that K i and K g are large enough, for small initial error conditions.
Proof. Stability analysis is divided into two parts.
Closed-loop signals boundedness. Let us consider the following Lyapunov candidate function
whose time derivative along the trajectories of the system is as follows
Substituting equation (26) into equation (28) results in
where the well-known skew-symmetry property ½⍀ T r ð _ H s À 2C s Þ⍀ r ¼ 0 has been used. From equation (29) , it is evident that⍀ r is bounded and so it is _ ⍀ r . Thus, the closed-loop signals are bounded.
Second-order sliding mode condition. Now, to prove the existence of the sliding mode, it is necessary to verify the sliding mode conditionÎ q _ I q À jÎ q j. Differentiating twice equation (22) gives rise to
Multiplying € ⍀ r byÎ T q , solving forÎ q _ I q , and multiplying by " M s give rise to the followinĝ
where ¼ m ðK i Þ À and j € ⍀ r j , with m ðK i Þ describing the minimum eigenvalue of K i . Matrix " M s is bounded since it is given by the user. Thus, the sliding condition is obtained if m ðK i Þ > , such that > 0 in equation (32) guarantees the sliding mode onÎ q ¼ 0 at t r jÎ q ðt 0 Þj . Note that for any initial conditionÎ q ðt 0 Þ ¼ 0, then t r ¼ 0, which implies that the sliding mode condition is enforced for all the time. Therefore, expression (32) leads to equation (17)
which means that, asymptotically,
where F e ¼ 0 stands for the free motion regime and F e > 0 stands for the constrained motion regime.
Stability of the teleoperation system
Last section presented the control law for each station, master and slave, and their individual stability analysis. However, the overall teleoperation stability system must also be addressed. Passivity is an intuitive tool that examines the energy flows in a system and makes stability assertions if energy is dissipated instead of generated. 27 The proposed teleoperation system includes a human operator, an environment, two manipulators, and the communication channel. Considering that the human operators and the environment are passive, 28 and since the nature of manipulators, the only source of instability of the system is the communication channel. 29 According to the system structure, the communication channel can be analysed as a two-port network, which relates flows and efforts from one side to another and vice versa. The relationship between network flows YðsÞ ¼ ½_ x m ðsÞ; _ x s ðsÞ T and efforts UðsÞ ¼ ½F h ðsÞ; F e ðsÞ T can be described by means of a hybrid matrix HðsÞ for each Cartesian axis. Note that the network output vector YðsÞ, the network input vector UðsÞ, and the matrix HðsÞ are the functions in the complex frequency domain. The matrix is obtained using the impedance models of master and slave, equations (12) and (16) , respectively. In the x-axis, the hybrid matrix is expressed as follows
where the elements of the hybrid matrix are as follows
A similar procedure can be carried out to compute the hybrid matrices for the y-and z-axes. In order to analyse the system stability, the passivity theory is applied. Definition. An n Â n matrix function HðsÞ of the complex variable s ¼ þ j! is said to be a positive-real matrix if it satisfies the following three conditions 30 For the given two-port network, conditions (a) and (b) of realness are held immediately because of the structure of the hybrid matrix elements. They are satisfied with positive impedance parameters. The three conditions of (c) can be expressed for each Cartesian axis by
The first inequality is satisfied by choosing a positive " B m parameter. The last of condition (c) is satisfied only if
If the design parameters satisfy equations (35) and (37), the teleoperation system will be passive for any set of passive human operators and environments even with the presence of constant time delay. 15, 30 Remark 6. Master controller tuning. Master impedance parameters are tuned, such that a comfortable operation can be achieved. A higher impedance yields a heavier and more sluggish performance, while a lower impedance makes the master teleoperator weightless and, in general, more difficult to drive, depends on operator's dexterity. Then tuning of the controller is made heuristically, provided that the choosing of " B m contributes to the slave's stability, according to equations (34)-(36).
Remark 7. Slave controller tuning. First of all, impedance parameters must be chosen, such that equations (34)-(36) are fulfilled. Similar to the master controller tuning, slave impedance tuning is made heuristically, provided that a wide range of frequencies are allowed when evaluating equations (34)-(36). Additional stability and improvement of the performance, as the stability proof suggests, is to set an arbitrary K g > 0, such that error dynamics remains bounded. Increase K g until acceptable boundedness of⍀ is achieved. Then, increase gradually K i until the sliding mode arises (Î q ¼ 0). Finally, a faster and better tracking position can be accomplished by increasing K g and " K s , respectively.
Experimental results

Semi-experimental set-up
In this section, the performance of the proposed control scheme is evaluated by means of experimentation carried out in a semi-experimental set-up. The semi-experimental set-up (shown in Figure 2 ) is fitted with a Phantom Premium 1.0 haptic interface (used as the master robot) and a NANO17 six-DOF force/torque sensor attached to the Phantom's end effector to measure the human operator input force. The complete system, haptic interface and virtual environment run in a personal computer under Windows XP operating system. The virtual slave robot mimics the industrial robot Catalyst-5, and its dynamics is solved online by a well-known numerical integrator. The communication channel is emulated with an First-In First-Out (FIFO) memory buffer that introduces bilateral time delays. The data to be exchanged between the master and the slave are stored in the buffer instead of sending them immediately to their destination. The data are released only at the moment when the buffer is full. Thus, the magnitude of the time delay depends on the size of the buffer. The combination of Visual Cþþ, CHAI3D and OpenGL libraries allows the user to interact with a high fidelity and realistic virtual environment in real time.
Robot and controllers parameters
The slave robot (virtual robot) is teleoperated in such a way that its end effector follows a predefined trajectory, as it is shown in Figure 3 . The sequence is as follows. The master and the slave robot's initial conditions are different and isolated from the virtual plane. The operator approaches to the plane to make contact at the red point, as shown in Figure 3 (right). Then, the operator requests the slave robot's end effector to follow the circumference while exerting a sustained level of force onto the plane. After the completion of one circumference, the operator follows a segment of straight line, stops exerting force and again starts exerting a sustained force onto the plane while moving along the last straight line segment. The experiments last approximately 17 s. To perform the above desired task, feedback gains for the master and slave controllers are given in Tables 1 and 2 .
Scaling factors are set as follows: k p ¼ 2:7 and k f ¼ 1:0. Differentiator parameters are set as follows: 0j ¼ 45, 1j ¼ 35 and 2j ¼ 120, where j ¼ x; y; z.
Environment parameters. The virtual plane (environment) is modelled as a spring whose stiffness coefficient
The virtual plane is located at z e ¼ 0:1 m in z-axis and is parallel to the x-y plane on the slave robot's base frame; thus, the environment force is F e ¼ K ez Á z, with Á z ¼ z À z e as the deformation of the virtual plane (see Figure 4 for reference). Slave robot parameters. Parameters are those of the Catalyst-5 industrial robot. Only the first three DOFs are modelled and controlled; pitch and roll joints are fixed. Table 3 lists the main robot parameters.
Results
Two sets of experiments were carried out. The first set does not consider time delay, that is, T d ¼ 0 s (see equations (6) and (7) for detail). The second set does consider a constant time delay T d ¼ 1 s. So the roundtrip time delay is 2 s. Figures 5 to 8 depict the experimental results considering a time delay T d ¼ 0 s. Figure 5 shows master and slave Cartesian trajectories in three-dimensional view. Note that the slave Cartesian trajectory is greater than the master trajectory; this is because of the scaling factor k p ¼ 2:7. Figure 6 shows the position tracking for each joint. Note that the position tracking error is very close to zero, as it can be seen in Figure 7 . Finally, Figure 8 shows that the human force and the environment force are very similar; an issue that suggests a good level of transparency. Figures 9 to 12 depict the experimental results considering a time delay T d ¼ 1 s. Note that in this case, due to time delay, the task is performed in a longer time; mainly because the slave interacts with the environment. The master and slave trajectories in the Cartesian space can be seen from Figure 9. Figures 10 and 11 exhibit a good tracking performance as it stated by equation (33). Finally, Figure  12 depicts the human force and the environment force when the slave interacts with the environment. According to the task that the human operator has to carry out (see Figure 3 for reference), note that exerting a sustained force onto the plane becomes very difficult due to the time delay. The latter is evident during the course of the circumference (performed in about 115 s, from 40 s to 155 s, approximately). Similar to the first set of experiments ðT d ¼ 0 sÞ, human force and environment force are very similar, which suggests a good kinesthetic coupling.
Conclusions
In this article, a robust but smooth bilateral teleoperation scheme that achieves exponential tracking performance under unknown constant time delay is proposed. Formal analysis of stability for the whole teleoperation system demonstrates passivity for multi-DOF non-linear teleoperators. Experimental results reveal the effectiveness of the approach.
Several factors are involved here to guarantee the stability of the whole teleoperation system (human operator þ master robot þ communication channel þ slave robot þ environment). On one hand, master controller and slave controller have been designed separately (independently of time delay), that is, locally, each controller guarantees stability. On the other hand, it is well known that the communication channel is the main source of instability when time delay is present. Therefore, in order to prove the stability of the entire teleoperation system, considering time delay induced by the communication channel, the n-port network theory (originally developed for electrical systems) was taken into account. Thus, analysing the master robot þ communication channel þ slave robot system (assuming that human operator and environment are passive) as a two-port network, it can be concluded passivity, regarding unknown constant time delay. Finally, but not least important, it is documented in several works that second-order sliding mode control (at the slave side) provides with additional robustness against time delay and parametric uncertainty. Future work is to design an adaptive control based on the new nominal reference proposed in this article and evaluate its performance.
